In the present study, delayed fracture properties of a high-Mn TWinning Induced Plasticity (TWIP) steel and two Al-added TWIP steels were examined by dipping tests of cup specimens in the boiled water, after which the microcrack formation behavior was analyzed. The TWIP steels contained a small amount of elongated MnS inclusions, spherical-shaped AlN particles, and submicron-sized (Fe,Mn) 3 C carbides. Since MnS inclusions worked as crack initiation sites, longitudinal cracks were formed along the cup forming direction mostly by MnS inclusions. These cracks were readily grown when high tensile residual stresses affected the cracking or hydrogen atoms were gathered inside cracks, which resulted in the delayed fracture. In the Al-added steels, MnS inclusions acted as crack initiation and propagation sites during cup forming or boiled-water dipping test, but residual stresses applied to MnS might be low for the crack initiation and growth. Thus, longitudinal cracks formed by MnS inclusions did not work much for delayed fracture. AlN particles present in the Al-added steels hardly acted as crack initiation or growth sites for the delayed fracture because of their spherical shape.
I. INTRODUCTION
IN automotive industries, highly deformable steel sheets such as TRansformation Induced Plasticity (TRIP) steels and TWinning Induced Plasticity (TWIP) steels have been actively developed for CO 2 reduction and increased efficiency. [1] [2] [3] [4] In high-Mn TWIP steels composed of austenite, deformation twins formed during deformation prevent the dislocation movement as they play a role in refining grains. The necking is suppressed by a high work hardening rate, which leads to the simultaneous improvement of strength and ductility. [4] [5] [6] [7] [8] [9] In spite of the excellent tensile properties, their commercialization has been postponed because they are easily subjected to cracking during forming or to delayed fracture after forming. [10] [11] [12] [13] [14] [15] However, the decrease of Mn content is not easy because of the stabilization of austenite at room temperature and the sufficient formation of twins. Recently, the addition of Al, together with the decreased Mn content, has been conducted to improve formability and to prevent delayed fracture. Al works for decreasing twin formation because it raises the stacking fault energy (SFE). [16] [17] [18] [19] [20] [21] Thus, Al-added TWIP steels have excellent formability due to the decreased twin formation and the increased slip activation.
Chin et al. [10] reported that the cracking or delayed fracture did not occur during or after the cup forming test of an Al-added TWIP steel, whereas it occurred in a high-Mn TWIP steel. These results were explained by the stress concentration at the cup side in the high-Mn steel and by the occurrence of homogeneous twinning in the Al-added steel. [10, 22] Berrahmoune et al. [23] found the delayed fracture after deep drawing of 301LN austenite steels, and explained it by the increased amount of martensite and the localization of residual stresses. However, exact mechanisms behind the delayed fracture are not sufficiently understood in relation to microstructures. This is because detailed analyses on amounts of twinning and slip, [20] distribution of residual stresses varied with deformed locations, [23] [24] [25] martensitic transformation, [22, 23] and hydrogen embrittlement [26] [27] [28] [29] are essentially needed. In addition, the microstructural modification processes during cup forming and delayed fracture tests are not analyzed in detail. From this understanding on effects of Al addition in TWIP steels, it is possible to prevent or minimize the delayed fracture of TWIP steels.
The delayed fracture properties of the cup specimens of high-Mn TWIP steel and two Al-added TWIP steels were investigated in this study. The delayed cracking behavior was examined by dipping tests of the cup specimens in boiled water, after which the microcrack formation behavior was analyzed. In order to analyze residual stress distributions in the cup specimen, the cup forming process was simulated by using a finite element method (FEM), which could explain deformation mechanisms related to the microstructural evolution. Based on the results of microstructural analysis and residual stress distribution, effects of Al addition on improvement of delayed fracture properties were clarified.
II. EXPERIMENTAL PROCEDURE
Chemical compositions of the three TWIP steels are 0.6C-18Mn, 0.6C-18Mn-1.6Al-0.04(Ti+B), and 0.6C-18Mn-1.9Al-0.04(Ti+B), which are referred to as ''18Mn,'' ''18Mn1.6Al,'' and ''18Mn1.9Al,'' respectively, for convenience. These steels were fabricated by a vacuum induction melting method. In the 18Mn1.6Al and 18Mn1.9Al steels, 1.6 and 1.9 wt pct of Al, respectively, is added to increase the stacking fault energy (SFE). [16] [17] [18] [19] [20] After thick plates of 30 mm thickness were homogenized at 1423 K (1150°C) for 1 h, they were hot-rolled at 1373 K (1100°C). The finish rolling temperature was 1173 K (900°C). The hot-rolled steel sheets of 2.5 mm thickness were water-cooled to 723 K (450°C), rolled at this temperature to make 1.4-mm-thick sheets, held at 1073 K (800°C) for 30 s, and then water-cooled.
The steel specimens were polished and electro-etched in an etchant of 5 pct perchloric acid + 95 pct acetic acid, and microstructures of longitudinal-transverse (L-T) plane were observed by a field emission scanning electron microscope (FE-SEM, model; XL30S FEG, Philips FEI). Phases present in the steels were identified by energy dispersive spectroscopy (EDS).
Plate-type tensile specimens (gage length: 50 mm, gage width: 12.5 mm, gage thickness: 1.4 mm) were prepared in the longitudinal direction. They were tested at room temperature at a strain rate of 3.3 9 10 À3 s À [1] by a universal testing machine of 98 kN capacity (model; Instron 5582, Instron Corp., Canton, MA), in accordance with the ASTM standard E 8/E 8M standard specification. [30] Cup forming tests were conducted on steel sheet disks (diameter: 90 mm, thickness: 1.4 mm) under a load of 19.6 kN by a universal sheet and strip metal testing machine of 490 kN capacity (model; USM-50-2, Tokyo testing machine manufacturing, Tokyo, Japan). The diameters of an extrusion die, extrusion distance, drawing ratio, and extrusion rate were 53.88 mm, 50 mm, 1.8 mm, and 60 mm/min, respectively. After the cup forming test, the cross-sectional area of the cup specimen was observed. In order to investigate the distribution of residual stress of the cup specimen, the finite element method (FEM) analysis was conducted using a commercial package ABAQUS (Dassault Syste`-mes Simulia, Inc., Seoul, Korea). The simulated stress contours were calculated in various axial directions using measured tensile properties. The detailed FEM analysis conditions are described in the previous paper. [20] In order to compare the resistance to delayed fracture, the cup specimens were exposed to the air or dipped in boiled water until they were cracked. Here, the dipping test in boiled water was used to shorten the delayed fracture time. After checking the crack initiation of the cup specimen, the time for delayed fracture and the number and length of cracks were measured. The cracked cup specimens were artificially fractured in order to observe the internal cracking behavior and fracture mode. The fracture surfaces composed of delayed cracked area and artificially fractured area were observed by SEM. The cross-sectional areas of the cracked cup specimens were also observed by an optical microscope under the non-etched condition.
III. RESULTS

A. Microstructure and Tensile Properties
SEM micrographs of the TWIP steels are shown in Figures 1(a) of austenite grains of about 5 lm size (Figures 1(a) through (c)), together with a small amount of particles. In the 18 Mn steel, fine submicron-sized particles are relatively homogeneously distributed throughout the steel sheet (Figure 1(a) ), while relatively large particles of 2 lm to 5 lm size are found at some areas in the 18Mn1.6Al and 18Mn1.9Al steels. According to the EDS analysis data of these particles, fine submicron-sized particles (Figure 1(a) ) in the 18Mn steel are identified to be (Fe,Mn) 3 C carbides and relatively large particles in the 18Mn1.6Al and 18Mn1.9Al steels are identified to be AlN. [20] The size and volume fraction of AlN are measured to be 1.5 lm and 0.14 pct, respectively, in the 18Mn1.6Al steel, and 3.5 lm and 0.28 pct, respectively, in the 18Mn1.9Al steel, although the precise quantitative measurement is difficult as they are often agglomerated at some areas. [20] The yield strength, ultimate tensile strength, and elongation of the TWIP steels are shown in Table I . [20] The 18 Mn steel has the yield strength, ultimate tensile strength, and elongation of 449 MPa, 1089 MPa, and 60 pct, respectively. As Al is added, the ultimate tensile strength decreases, while the yield strength does not vary much. The elongation is highest in the 18Mn1.6Al steel, and other steels show the similar elongation at about 60 pct. The detailed microstructural analysis and tensile test data are provided in the previous paper.
[ 20] B.
Cup Forming Properties
The peak punch load data of the cup forming test are shown in Table I . The peak load is highest in the 18Mn steel, and decreases in the order of the 18Mn1.6Al and 18Mn1.9Al steels. This indicates that the lower load is needed for cup forming as Al is added and that the cup forming results can be explained by the proportionality with ultimate tensile strength.
The cup specimens were cracked when they were exposed to the air or dipped in boiled water. These delayed fracture cracks initiate at the cup top region and then propagate downward to the cup bottom. [4, 10] This implies that residual stresses formed at the cup top region are higher and more important than those of other regions. Thus, the FEM analysis was conducted at the cup top region, and residual stresses along radial and tangential directions, i.e., s 11 and s 33 , respectively, after the cup forming test were calculated. Simulated stress contours are shown in Figures 2(a) through (f), from which the maximum compressive and tensile residual stresses were measured as listed in Table II . The radial stresses of s 11 appear partly near the cup top (Figures 2(a) , (c), and (e)). The tangential stresses of s 33 widely exist in the cup side region, while they are highest in the cup top region (Figures 2(b) , (d), and (f)). The tangential residual stresses of s 33 in the three steels are about 1500 MPa, which is about ten times higher than the radial residual stresses of s 11 . The maximum tensile residual stresses are higher than the maximum compressive residual stresses, and these residual stresses decrease with increasing Al addition. The cup top region is subjected to very high tensile residual stresses, which are reduced as the Al addition increases.
The cross-sectional areas of the cup specimens were observed by optical and SEM microscopes, and the results are shown in Figures 3(a) through (c). Fine longitudinal cracks are found along the cup forming direction in the three steels as indicated by red arrows. According to the quantitative EDS analysis data of longitudinal cracks, considerable amounts of Mn and S are found inside most of cracks. This implies that cracks are formed by the existence of MnS inclusions, although the MnS volume fraction is very small. Some AlN particles are also observed in the cup specimens of the 18Mn1.6Al and 18Mn1.9Al steels (18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens) as indicated by white arrows in Figures 3(b) and (c) and are more populated in the 18Mn1.9Al-Cup specimen. The number, length, and area fraction of longitudinal cracks formed by MnS inclusions were measured, and the results are summarized in Table III . As the Al content increases, the number of cracks increases, but the area fraction of cracks decreases because the crack length abruptly decreases.
C. Delayed Fracture Properties
The cup specimen of the 18Mn steel (18Mn-Cup specimen) underwent the delayed fracture when exposed to the air for 1 year, even though it was not cracked or fractured during the cup forming test. In this specimen, vertical cracks of about 25 mm length are observed, whereas the cracking did not occur in the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens, regardless of the exposed time to the air. After the cracked 18Mn-Cup specimen was artificially fractured, the fractured surface was observed by an SEM, and the fractographs are shown in Figures 4(a) through (e). The interface between the delayed fracture and artificial fracture is indicated by a red dotted line in Figure 4 (a), and higher-magnification fractographs photographed at various locations are shown in Figures 4(b) through (e) because the delayed fracture surface includes different fracture modes. The surface near the cup top was thickly covered with corroded reaction products, and some secondary cracks are observed as marked by white arrows in Figure 4 (b). The thickness of corroded reaction products and the number of secondary cracks are reduced in the region distant from the cup top (Figure 4(c) ). In the interfacial region between the delayed fracture and artificial fracture, the intergranular fracture mode is predominant, together with some ductile dimpled regions and a few secondary cracks (Figure 4(d) ). The artificial fracture surface is composed fully of ductile dimples (Figure 4(e) ).
Since it takes a lot of time for cracks to be initiated or propagated in the cup specimen, the cup specimen was dipped in boiled water until it cracked. The time for delayed fracture was measured, and the results are shown in Table IV . The 18Mn-Cup specimen cracked after it was dipped for 16 h, but the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens cracked after 40 and 169 hours, respectively. The cup specimens cracked after dipping in boiled water for 170 hours are shown in Figures 5(a) through (c) , from which the number and length of cracks were measured as shown in Table IV . Most of cracks are vertical ones formed from the cup top to bottom. In the 18Mn-Cup specimen, many cracks are initiated from the cup top, and some of them are connected to form long or bent cracks as indicated by red arrows in Figure 5 (a). As the Al content increases, the occurrence of cracking is seriously reduced (Figures 5(b) and (c) ).
After the cracked specimens of Figures 5(a) through (c) were artificially fractured, the fractured surface was observed by an SEM, and the fractographs of interfacial region between delayed fracture and artificial fracture and artificial fracture region are shown in Figures 6(a) through (f) and 7(a) through (c), respectively. The delayed fracture region near the cup top was thickly covered with corroded reaction products which might be some hydrides [31] and thus initial or original fracture modes cannot be identified. The thickness of the corroded reaction products tends to decrease in the order of the 18Mn-Cup, 18Mn1.6Al-Cup, and 18Mn1.9Al-Cup specimens. Fine needle-shaped products are distributed on the surfaces of the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens because the contacting time with the boiled water is relatively short.
Figures 6(a) through (f) are SEM fractographs of the interfacial region between delayed fracture and artificial fracture, and the interface is indicated by a white dotted line in Figures 6(a) , (c), and (e). In the 18Mn-Cup specimen, spherical-shaped corroded reaction products of hydrides are distributed in both the delayed fracture and artificial fracture regions, although they are more coarsely formed in the delayed fracture region (Figure 6(a) ). This implies that hydrides are infiltrated into the interior of the cup specimen ( Figure 6(b) ). In the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens, on the other hand, hydrides are not present on the artificially fracture region, whereas a few hydrides are observed on the delay fracture region (Figures 6(c) and (e) ). The artificial fracture surfaces are composed of ductile dimples, without any hydrides (Figures 6(d) and (f) ).
The artificial fracture region distant from the interface is shown in Figures 7(a) through (c) . The surface of the 18Mn-Cup specimen includes some secondary cracks although the fracture occurs in a ductile mode. When the surface is magnified, a considerable amount of intergranular fracture mode, which is similar to that of the delayed fracture of Figure 4(d) , is visible as marked by yellow arrows in Figure 7 (a). The surface regions of the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens show the ductile dimpled mode, but contain some deep dimples. In high-magnification SEM fractographs of Figures 7(b) and (c), AlN particles can be found inside deep dimples.
Since the 18Mn-Cup specimen is quite susceptible to delayed fracture in the boiled water, the delayed fracture can affect the artificial fracture mode. The artificial fracture surfaces of the 18Mn-Cup specimens cracked after a 1-year exposure in the air, after a 10-hour dip in boiled water, and after a 170-hour dip in boiled water are shown in Figures 8(a) through (c) . The surface of the cup specimen cracked after a 1-year exposure in the air consists of ductile dimples, together with some short secondary cracks formed along the cup forming direction as marked by white arrows in Figure 8(a) . The surface of the cup specimen cracked after a 10-hour dip in boiled water contains more secondary cracks than that cracked after a 1-year exposure in the air, while its main fracture mode is the ductile dimpled one and secondary cracks are longer (Figure 8(b) ). In the cup specimen cracked after a 170-hour dip in the boiled water, the main fracture mode is quasi-cleavage one, and deep secondary cracks are well developed (Figure 8(c) ).
IV. DISCUSSION
Though the cup specimens of the TWIP steels are not cracked or fractured during the cup forming test, they are subjected to the delayed fracture. This implies the cracking after the exposure in the air or after the dip in boiled water. The present TWIP steels are basically composed of austenite grains, but contain a small amount of MnS and AlN inclusions the size, morphology, volume fraction, and distribution of which are varied in the steels. Also, considerably high residual stresses are formed during the cup forming test and can affect the delayed fracture behavior. In this study, the delayed fracture phenomenon was analyzed, and the analysis results are discussed in detail as follows.
The residual stresses are mostly formed by nonuniform plastic deformation and can work as one of reasons of delayed fracture. [23] The cup top region is generally subjected to the non-uniform plastic deformation during the cup forming test. [10] According to the FEM analysis data of Figures 2(a) through (f) , the tensile residual stresses reach the maximum along the s 33 direction in the cup top region. The residual stresses are high in the tangential direction, and the delayed fracture occurs along the cup forming direction. Thus, when the tensile residual stress in the s 33 direction is large, cracks can be formed easily. Since the residual stress in the s 11 direction is much lower than that in the s 33 direction and exists within a narrow region, its effect on the delayed fracture might be very small. When the residual stresses are compared in the three TWIP steels, the residual stresses in the s 33 direction are reduced by the increased Al content. The addition of Al activates the slip formation, instead of the twin formation and promotes the dislocation movement. This also reduces the dynamic Hall-Petch effect, which results in the decrease in strain hardening. [4] [5] [6] [7] 20] Thus, the peak punch loads during the cup forming test are lower in the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens than in the 18Mn-Cup specimen. Since the lower residual stresses are present after the cup forming test, the resistance to delayed fracture can be enhanced. The decrease in residual stresses due to the Al addition additionally reduces the concentration of hydrogen and works to prevent the hydrogen embrittlement phenomenon. [32] According to the observation of the cross-sectional area of the cup specimen in Figures 3(a) through (c) , fine longitudinal cracks mostly formed by MnS inclusions are found along the cup forming direction. This is because even very small MnS inclusions work as initiation sites of cracks. In the 18 Mn-Cup specimen, cracks formed by MnS inclusions are found in the shape of long secondary cracks on the delayed fracture or artificial fracture surfaces as shown in Figures 8(a) through (c). As the delayed fracture testing conditions become severe, the number and length of secondary cracks tend to increase. Particularly in the cup specimen cracked after the 170-hour dip in boiled water, very deep secondary cracks are observed, and the main fracture mode is a quasi-cleavage one (Figure 8(c) ). This is because the high residual stress formed in the cup top region affects the cracking at MnS inclusions elongated along the cup forming direction. These cracks are connected to develop long longitudinal cracks as hydrogen atoms formed inside the boiled water infiltrate into the cracks. The hydrogen atoms are gathered inside cracks to form hydrogen gas which can increase the interior pressure of cracks or can form hydrides to enlarge the crack size. [33] [34] [35] [36] [37] In order to confirm the crack existence in the cup specimen subjected to the delayed fracture after the 170-hour dip in boiled water, the cross-sectional areas were observed by an optical microscope under the non-etched condition, and the results are shown in Figures 9(a) through (c) . In the cup specimens subjected to the 170-hour dip in boiled water, the number, length, and width of the cracks are greatly increased. The area fraction and length of longitudinal cracks formed by MnS inclusions were quantitatively measured, and the results are summarized in Table V . The area fraction and length of longitudinal cracks decrease in the order of the 18Mn-Cup, 18Mn1.6Al-Cup, and 18Mn1.9Al-Cup specimens. In the 18Mn-Cup specimen, longitudinal cracks are lengthened and widened as the testing condition becomes severe as shown in Figure 9 implies that longitudinal cracks formed by MnS inclusions do not work much for the formation of secondary cracks and for delayed fracture or final fracture of the cup specimen. Though MnS inclusions act as crack initiation and propagation sites during cup forming and boiled-water dipping tests, [38] the residual stresses applied to MnS might be low for the crack initiation and growth. Thus, the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens show excellent resistance to the delayed fracture over the 18Mn-Cup specimen.
It is interesting to note that some AlN particles are found in the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens as shown in Figures 3(b) and (c). They are more populated in the 18Mn1.9Al-Cup specimen. The existence of AlN particles can be a reason of the decreased tensile elongation (Table I) and (c) that AlN particles hardly affect the cracking behavior during the boiled-water dipping test. Some holes which might be formed by AlN particles are found as indicated by white arrows in Figures 9(b) and (c), but do not develop in longitudinal cracks. This indicates that AlN particles hardly act as crack initiation sites for the delayed fracture and that they are not a main microstructural parameter affecting the delayed fracture. This is because they have spherical shapes instead of film or rod shapes which can easily induce the crack initiation and propagation. The amount of AlN particles increases with increasing Al content, but AlN particles existing in the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens hardly affect the delayed fracture.
As mentioned above, the delayed fracture properties of the cup specimen are affected by residual stress and microstructural parameters such as MnS and AlN inclusions which are mainly varied by the Al addition. In the Al-added steels, since the lower residual stresses are present after the cup forming test because of the decreased punch load and ultimate tensile strength, the resistance to delayed fracture is improved. In the cup specimens, longitudinal cracks are formed mostly by MnS inclusions along the cup forming direction because even very small MnS inclusions work as initiation sites for cracks. Particularly in the 18Mn-Cup specimen, longitudinal cracks formed by MnS inclusions are found in the shape of long secondary cracks on the delayed fracture or artificial fracture surfaces. The number, length, and width of the cracks are greatly increased as the delayed fracture testing condition becomes severe. In the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens, on the other hand, longitudinal cracks are not much lengthened or widened, thereby leading to better resistance to the hydrogen embrittlement or delayed fracture. These results indicate that making use of Al addition in TWIP steels is an effective way to improve cup formability and delayed fracture properties.
V. CONCLUSIONS
In the present study, delayed fracture properties of a high Mn TWIP steel and two Al-added TWIP steels were investigated.
(1) The present TWIP steels consisted of austenite of about 5 lm size, together with a small amount of submicron-sized (Fe,Mn) 3 C carbides, while there existed some AlN particles in the Al-added steels. Very fine elongated MnS inclusions were also found along the rolling direction. (2) Since fine MnS inclusions worked as crack initiation sites, longitudinal cracks were formed along the cup forming direction of the cup specimen mostly by MnS inclusions during the dipping test in the boiled water. These cracks increased when high tensile residual stresses in the tangential direction affected the cracking or when hydrogen atoms were gathered inside cracks, thereby leading to the delayed fracture or hydrogen embrittlement. (3) In the Al-added steels, longitudinal cracks formed by MnS inclusions did not work much for the delayed fracture or final fracture of the cup specimen. Though MnS inclusions acted as crack initiation and propagation sites during cup forming or boiled-water dipping test, the residual stresses applied to MnS might be low for the crack initiation and growth. Thus, the 18Mn1.6Al-Cup and 18Mn1.9Al-Cup specimens showed excellent resistance to the delayed fracture over the 18Mn-Cup specimen. (4) The size and volume fraction of AlN particles increased with increasing Al content in the TWIP steels. The existence of AlN particles might be associated with the decreased tensile elongation because they worked as void initiation sites during the tensile test. However, they hardly acted as crack initiation or growth sites for the delayed fracture, which implied that they were not a main microstructural parameter affecting the delayed fracture.
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